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Abstract 
The paper proposes studies of electric power quality indexes for 10 kV network supplying electric drives of the wide-strip hot-
rolling mill stand equipped with thyristor electric drives. It provides the power supply diagram of the plate rolling shop. 
Information on the methods of experimental studies of the current and voltage spectral distribution with the use of a standard 
measuring device and software is provided. The paper shows the nature of higher-order harmonics content for units of the 10 kV 
distribution substation. It considers the method and system for reactive power control in the load center that ensures a step power 
change of the reactive-power compensator batteries and the following smooth fine adjustment by automatic control of 
synchronous motor excitation current. According to the algorithm proposed condenser batteries shall be operated in the basic 
mode and compensate a semi-constant component of reactive power.  
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
An essential condition for fault-free power supply of the industrial enterprise is a stable power consumer supply 
of the required amount and quality specified by national and international standards. Here, power consumers with 
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non-linear current/voltage diagrams (thyristor converters used for supply of high-power DC electric drives) mainly 
effect electric power quality [1, 2]. 
Typical examples are power supply systems of the plate rolling shops where one power supply source provides 
electric power for quiescent loads (descaler pumps, vents, etc.) and stands of the rolling mill featuring Thyristor-
Converter-Motor electric drives. That is why, voltage fluctuation and deviations may be observed within the 
distribution shop networks; their sources are thyristor converters [3]. Furthermore, these networks have a low power 
factor resulting in reactive-power shortage of the system [4]. These specific parameters of power supply are fully 
characteristic for the plate rolling shop No. 10 (PRS-10) at OJSC Magnitogorsk Iron and Steel Works (OAO MMK) 
with its major unit – the 2,000 mm hot-rolling mill. 
The PRS-10 power supply system is shown in Fig. 1. The following voltages are used for supply of power 
equipment: 
 
  
Fig. 1.  Diagram of power supply for the 10 kV distribution substation (DS) of PRS-10 
– 10 kV – for three synchronous motor of main electric drives of roughing stands No. 1-3, pumps for roll cooling, 
high-pressure pumps as well as thyristor converters of main electric drives of stands No. 4-13 and flying shears; 
– 6 kV – for supply of asynchronous and synchronous 2001600 kW motors as well as thyristor converters of 
auxiliary electric drives and step-down transformers of the complete transformer substations. 
Total capacity of power consumers at 10 kV voltage is as follows: 
–  synchronous motors: 35 MW; 
–  thyristor electric drives: 140.6 MW; 
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Total capacity of power consumers at 6 kV voltage is as follows: 
–  synchronous motors: 24.5 MW; 
–  asynchronous motors: 21.5 MW; 
–  thyristor electric drives: 29.2 MW; 
According to the technical project for the 10 kV network of the 2,000 mm mill, 3 packages of VAR compensators 
were provided; each of them contains a 20 MVAr thyristor and reactor set as well as filters of the 5th, 7th, 11th and 
13th 6.3 MVAr harmonics. Gross capacity of condenser batteries should be about 90 MVAr to provide the following 
data in accordance with the project:  
– increasing the power factor to 0.93 at 10 kV busbars and to 0.91  at 6 kV busbars; 
– reducing voltage fluctuations within the 10 kV network to the %.U 05dG  value, within the 110 kV network 
to %.U 01dG . 
– decrease of the voltage non-sinusoidality at 6-10 kV busbars to the level of 45%. 
Unfortunately, these compensation filter devices are not being operated at present. Their absence results in the 
current and voltage harmonic content deterioration and raise of losses, so, is intolerable. Based on calculations, the 
reactive-power shortage is more than 120 MVAr while non-sinusoidality of the voltage waveform is as high as 
1618%. 
In view of the foregoing, of special interest is estimation of an actual current harmonic content and voltage 
distortion at 10 kV units of the 2,000 mm mill. Its results shall be a foundation for elaboration of measures to 
improve electric power quality indexes. Moreover, there is a challenge to develop a quick-response system 
providing compensation of reactive power. 
2. Main Part 
Distortions of supply voltage at thyristor converter operation are known to be caused by valve switching that is 
followed by a short-term phase short circuit. The distortion form and amplitude depend on the rectification circuit, 
converter output and parameters of the supply main. These distortions occurs periodically; this enables their 
harmonic analysis.  
Switching processes in the thyristor converters accompanied by step changes of circuit parameters are known to 
result in voltage distortion of the supply main [5]. 
2.1. Experimental study of voltage in the power supply main of the rolling mill 
Electric signal were logged with RES-3 recorder with sampling frequency of 4.5 kHz. The connection diagram of 
the device is shown in Fig. 2. Then, signals were processed with specifically developed applications within the 
Matlab framework. 
Oscyllograph analysis established current and voltage form deviations from the sine-wave ones at all units of the 
10 kV DS resulting from the non-linear load predomination. By means of the harmonic analyzer, the most 
significant harmonics being present in the current curve were determined, that is, the 5th, 11th and 13th harmonics 
(Fig. 3). The operating principle of the harmonic analyzer is based on the short-time Fourier transform of the 
examined signal at the set interval which duration amounts 1015 periods of the fundamental frequency [6]. The 
application of the pickup signal superposition (so termed "Hann window") enables impairing the edge effect 
appearing at inequality of the elementary frequency period to the sampling one. 
However, the harmonic analyzer helps only to distinguish the most essential harmonics but not to follow their 
alternation in time. Resonance filters configured to the frequency of the harmonics to be distinguished and 
implemented within the Matlab Simulink software framework should solve this task. 
Fig. 4 shows oscyllographs of the effective range of current and its harmonic constituents at the time interval of 
5 minutes for the unit under consideration. Similar oscyllographs were obtained for four units of the 10 kV DS 
shown in Fig. 1 (units 1, 2A, 2B, 3). The analysis of the oscyllpgraphs provided in [7] enables the following 
conclusions: 
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1. In the current curves of the fundamental harmonic, we may observe cyclic variations with 50100 sec. period 
connected with rolling process cycle. 
 
Fig. 2. Connection diagram of the RES-3 device for recording current and voltage oscyllographs: Ɍ1 – 110/10 kV main transformer; ɌȺ, TV  
current transformer and voltage transformer, CS, VS current and voltage sensors; ȼȺ shunt; RES-3  electric signal recorder; ECM  
electronic computing machine (industrial computer); VT  thyristor converter; Q  circuit breaker. 
 
Fig. 3. Current spectrogram of the first unit of the 10 kV DS 
 
Fig. 4. Fragment of effective range of current of 10 kV DS unit No. 1 (a) and its 5th, 11th and 13th harmonic constituents (b) 
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2. The nature of the level change of the higher-order harmonics mainly correspond to the current alteration of the 
fundamental harmonic. Considering all sections, the level of the 5th harmonics does not exceed 1%, the 13th one– 
2%, the 11th one –5%. The level of the 7th harmonics is less than 1% , so it was not taken into consideration. 
3. There is an explicit dependence between currents of the 5th and fundamental harmonics at unit No.1, yet 
current surges of the 5th harmonic appear in some chart areas at load relief. At this, these processes do not influence 
on the 11th and 13th harmonics explicitly. The behavior of these harmonics features more stability, so filters may be 
selected and configured according to the average current values of these harmonics only. 
2.2. Development of the system for main voltage quality control 
Based on the conducted researches, we offer the method for reactive power control in the load center that ensures 
a step power change of the reactive-power compensator batteries and the following smooth fine adjustment by 
automatic control of synchronous motor (SM) excitation current. We have developed the system for automatic 
control of the power factor compensation devices and improvement of the harmonic voltage content; its diagram is 
shown in Fig. 5 [8]. System input signals comes from outputs of the voltage and reactive current sensors installed at 
bus-bars of the 10 kV DS as well as of the current sensors of the finishing stands' thyristor converters and exciting 
current sensors of the roughing stands' SM. These elements constitute the first (lower) level of the control system. 
As a logic-control unit, the industrial controller with corresponding software is used. 
 
 
Fig. 5. Structural diagram of the reactive power control system at 10 kV busbars: Ɍ – 110/10 kV main transformer; TC– thyristor converter; Ɇ – 
DC motor; ɌɄ – thyristor key; L – reactor coil; C – capacitor battery; TE – thyristor exciter; SM– synchronous motor; VS– voltage sensor; RCS – 
reactor current sensor; CS– current sensor of the stand electric drive; ECS – SM's exciter current sensor; IC– industrial controller; AES– 
automated exciting system of the SM; CBUCS– capacitor battery unit control system; FTCM– filter thyristor control modules 
It processes received data in the real-time mode, compares reactive-power balance and issues commands to the 
system of automated control of synchronous motor excitation and capacitor battery control system [9]. As a result, 
capacitor output is established due to the selection of the required step number and time of their actuation. 
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The system is based on the three-level principle; it consists of power components, the system controlling the SM 
excitement, thyristor key control system, industrial controller, devices for data capture and processing as well as 
data and command communication channels [10]. Components of the higher level are existing servers and 
workstations of the automated energy resource control system (AERCS) and process control system (PCS) of the 
mill.  
When setting the rolling shape known beforehand, active power according to the stands and control preferences 
(voltage stability, minimum level of reactive power consumption, etc.), one can implement a feed-forward adaptive 
control within the proposed system and improve information awareness of the electrical and process personnel, thus, 
to add functionality of existing AERCSs and PCSs. 
If there are two and more reactive power sources (compensating device and synchronous motor) with different 
operating principles, their simultaneous control will be difficult due to various response times. Therefore, static and 
dynamic errors are possible. They result in reactive power and voltage fluctuations causing failures of the 
equipment. In connection with these facts, there is a challenge to develop a control algorithm considering the 
response time and switching sequence. 
The main control principle is explained with time diagrams presented in Fig. 6. Capacitor batteries are operated 
in the basic mode and provide compensating a semi-constant component of reactive power corresponding to the 
rolled strip gauge. Reactive power fluctuations caused by stand load alteration are eliminated due to the excitement 
current control of SM operating in the mode of an additional controller with constantly changing reactive power for 
smooth adjustment of the main controller. The gross capacity is specified by the general reactive power 
compensation setting where the main controller sets generation of lacking power only under power shortage 
condition. 
The step number and power of each of them are selected so as gross power of the capacitor battery shall be less 
that that of the thyristor converter by the value not exceeding the SM reactivity worth under steady-state operational 
mode of electric drives of one stand or two. This mode is conditioned by the need to provide stability of the 
synchronous motor. The reason for this is that its operation with excitement current being less then no-load current 
(t.i. at the left of U-diagram) is inadmissible under the specified operating conditions. 
To establish feasibility of the proposed reactive power control method, the compensating capabilities of the 2,000 
mm mill roughing train SM were estimated. The estimation relied on the analysis of electrical load charts and 
preliminary calculation of the compensating device power according to the 10 kV units. Levels of available reactive 
power of SM were determined at various rolling programs given that root-mean-square excitement current does not 
exceed the rated value (Qav100%=4.4 MVAr) and 75% of the rated one (Qav75%=1.6 MVAr) for an operational cycle. 
More accurate values for reactive powers generated and SM excitation current settings in the developed system are 
calculated automatically in the real-time mode depending on the actual rolling gauge and active power load of the 
SM. 
Before commissioning, filters are adjusted to the acceptor resonance by changing tun number of the air reactor 
coil. Filters are connected to the network through the substation integration modules and devices in the electric 
control room consequently, in increasing order of harmonic numbers. 
3. Conclusions
1. Oscillographic testing currents and voltages of 10 kV units of PRS-10 at OJSC Magnitogorsk Iron and Steel 
Works has proved a significant effect of non-linear loads on voltage deviations, fluctuations and non-sinusoidality of 
the supplying network. Here, available compensating devices do not provide a full compensation of reactive power 
and voltage level control. 
2. To examine current and voltage harmonic content of the 10 kV units, an ingenious software and hardware suit 
has been developed; it ensures recording and analyzing momentary load current and main voltage values on the 
basis of the PC's RES-3 electric signal recorder. Software include the Matlab Simulink package enabling estimation 
of present higher-order harmonic components as well as tracing their trends during operation of the power 
consumers. 
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3. Voltage non-sinusoidality and harmonic current content of four 10 kV distributing units have been 
experimentally studied. As a result, the most significant harmonics in the current curve have been determined: the 
5th, 11th and 13th. It helps to substantiate the parameter selection of compensating devices to be developed. 
4. We propose the method and system for reactive power control in the load center that ensures a step power 
change of the reactive-power compensator batteries and the following smooth fine adjustment by automatic control 
of synchronous motor excitation current. 
5. The control algorithm has been offered and implemented; according to this algorithm, the capacitor batteries 
provide compensating a semi-constant component of reactive power corresponding to the rolled strip gauge while its 
fluctuations caused by load alteration of separate stands are eliminated due to the excitement current control of the 
synchronous motor operating in the mode of an additional controller. 
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